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Abstract 23 The Rab GTPase activating protein known as Akt substrate of 160 kDa (AS160 or TBC1D4) 24 regulates insulin-stimulated glucose uptake in skeletal muscle, the heart, and white adipose 25 tissue (WAT). A novel rat AS160-knockout (AS160-KO) was created with CRISPR/Cas9 26 technology. Because female AS160-KO versus wild type (WT) rats had not been previously 27 evaluated, the primary objective of this study was to compare female AS160-KO rats with WT 28 controls for multiple, important metabolism-related endpoints. Body mass and composition, 29 physical activity, and energy expenditure were not different between genotypes. AS160-KO 30 versus WT rats were glucose intolerant based on an oral glucose tolerance test (P<0.001) and 31 insulin resistant based on a hyperinsulinemic-euglycemic clamp (HEC; P<0.001). Tissue 32 glucose uptake during the HEC of female AS160-KO versus WT rats was: 1) significantly lower 33 in epitrochlearis (P<0.05) and extensor digitorum longus (EDL; P<0.01) muscles of AS160-KO 34 compared to WT rats; 2) not different in soleus, gastrocnemius or WAT; and 3) ~3-fold greater 35 in the heart (P<0.05). GLUT4 protein content was reduced in AS160-KO versus WT rats in the 36 epitrochlearis (P<0.05), EDL (P<0.05), gastrocnemius (P<0.05), soleus (P<0.05), WAT 37 (P<0.05), and the heart (P<0.005). Insulin-stimulated glucose uptake by isolated epitrochlearis 38 and soleus muscles was lower (P<0.001) in AS160-KO versus WT rats. Akt phosphorylation of 39 insulin-stimulated tissues was not different between the genotypes. A secondary objective was 40 to probe processes that might account for the genotype-related increase in myocardial glucose 41 uptake, including glucose transporter protein abundance (GLUT1, GLUT4, GLUT8, SGLT1), 42 hexokinase II protein abundance, and stimulation of the AMP-activated protein kinase (AMPK) 43 pathway. None of these parameters differed between genotypes. Metabolic phenotyping in the 44 current study revealed AS160 deficiency produced a profound glucoregulatory phenotype in 45 female AS160-KO rats that was strikingly similar to the results previously reported in male 46 AS160-KO rats. Key Words: insulin resistance; glucose transport; myocardial glucose uptake; sex differences Introduction 49 The Rab GTPase activating protein known as Akt substrate of 160 kDa (also known as 50 AS160 or TBC1D4) is highly expressed by multiple tissues, including skeletal muscle, the heart, 51 and white adipose tissue (WAT) [1] [2] [3] [4] [5] . These tissues are important sites for insulin-mediated 52 glucose disposal, and phosphosite-specific phosphorylation of AS160 by Akt is crucial for 53 insulin-stimulated GLUT4 glucose transporter exocytosis and enhanced glucose transport. 54 Accordingly, understanding the relationship between AS160 and glucose uptake in these 55 tissues has implications for whole body glucoregulation and insulin sensitivity.
56
AS160 deficiency in humans [6] , mice [3, 4] and rats [5] results in whole body insulin 57 resistance, but there is limited knowledge about the effects of AS160 deficiency in females, 58 regardless of species. Published research in humans has not addressed the possibility that 59 AS160 deficiency might not have identical consequences on males versus females [6] . Several 60 studies using AS160-KO mice reported data only [4, 7] or mostly [8] in males. Other studies 61 reported data for both male and female AS160-KO mice for some, but not all outcomes [3, 9] . 62 Hyperinsulinemic-euglycemic clamps (HEC) have been performed only in male AS160-KO mice 63 [4], and in vivo tissue-specific glucose uptake has been reported in male, but not female, mice 64 [3, 9] . Currently available research in mice indicates that the metabolic phenotypes of male and 65 female AS160-KO mice are very similar, but not identical. For example, in vivo insulin resistance 66 (based on an insulin tolerance test) was evident in both male and female AS160-KO mice [3] . 67 However, glucose tolerance was normal for male, but not female AS160-KO mice [3] . The only 68 previous study of AS160-KO rats focused exclusively on male animals [5] .
69
Others have independently generated AS160-KO mice [3, [7] [8] [9] . However, there is unique 70 value in creating and characterizing a preclinical model in a second species. Because rats are 71 much larger than mice, studying rats offers significant benefits with regard to performing certain 72 surgical procedures and providing substantially greater amounts of tissue to be analyzed [10] . A 73 method was recently described using rat skeletal muscle that enables the measurement of glucose uptake and fiber type based on myosin heavy chain isoform expression in a single 75 muscle fiber [11, 12] , but it is unlikely these analyses would be feasible using single fibers from 76 mouse skeletal muscle. Rats have also proven to be extremely valuable for detecting a potential 77 role for AS160 in the processes responsible for improved insulin sensitivity in skeletal muscle 78 [13] [14] [15] [16] , so information about both male and female AS160-KO rats will be useful for future 79 mechanistic studies.
80
Male AS160-KO compared to wild type (WT) rats were characterized by lower glucose 81 uptake in insulin-stimulated skeletal muscles [5] . Insulin resistance was accompanied by 82 unaltered proximal insulin signaling as reflected by Akt phosphorylation in skeletal muscle.
83
Consistent with results observed for skeletal muscle of male AS160-KO mice [3, 4, 7] , GLUT4 84 protein abundance was lower in several skeletal muscles from male AS160-KO versus WT rats.
85
GLUT4 abundance was lower in the soleus muscle from female AS160-KO compared to WT 86 mice [3] . In addition to insulin resistance, skeletal muscle from male AS160-KO compared to 87 WT rats [5] and mice [7] had reduced glucose uptake in response to AICAR, which stimulates 88 AMP-activated protein kinase (AMPK), concomitant with unaltered AMPK phosphorylation.
89
An unexpected discovery in male AS160-KO rats was that myocardial glucose uptake 90 during an HEC was substantially increased compared to WT controls even though GLUT4 91 protein abundance was lower in the AS160-KO rats [5] . To assess potential mechanisms that 92 might account for the elevated myocardial glucose uptake, we evaluated heart abundance of 93 GLUT1 and SGLT1 glucose transporters, hexokinase II and the SERCA2 calcium pump in male 94 AS160-KO rats. However no genotype differences were evident for any of these proteins in 95 male rats.
96
Male and female AS160-KO rats cannot be assumed to have identical metabolic 97 phenotypes. Therefore, the primary aim of the present study was to provide the first comparison 98 of female AS160-KO rats and WT controls for a number of important measurements, including: Optics), and body mass was assessed in rats at 7-8 weeks-old (n = 6 for each genotype).
187
Another cohort of rats was anesthetized (intraperitoneal injection of ketamine/xylazine cocktail, 188 50 mg/kg ketamine and 5 mg/kg xylazine) at 11 weeks-old, and body mass was measured in 189 these rats. Skeletal muscles (extensor digitorum longus, EDL, epitrochlearis, gastrocnemius, 190 and soleus), WAT, and the heart from these animals were sampled and weighed.
191
Indirect calorimetry, physical activity and food intake 192 Indirect calorimetry and physical activity were analyzed in rats (n = 6 for each genotype) 193 aged 9 weeks with the Comprehensive Lab Animal Monitoring System (CLAMS, Columbus 194 Instruments, Columbus, OH). Animals were housed in the CLAMS unit for 72 hours with 195 unlimited access to food and water. Food consumption was also measured in the animals at 10-196 11 weeks-old.
197
Oral glucose tolerance test (OGTT) 198 After a 15-16 hour overnight fast, WT (n = 6) and AS160-KO (n=6) animals (aged 11 199 weeks) were provided 50% glucose via oral gavage (2.0g/kg). Blood was sampled before and 200 following the gavage (0, 15, 30, 60, and 120 minutes) by the tail vein. Blood glucose was 201 determined with a glucometer (Accu-Chek, Roche), and plasma insulin concentration was 202 assessed by ELISA. The rats were briefly restrained (<1 minute) for each blood collection. Area 203 under the curve (AUC) for glucose and insulin was determined with the trapezoidal rule [24] .
204
Hyperinsulinemic-euglycemic clamp (HEC) 205 WT (n = 6) and AS160-KO (n = 6) rats had catheters surgically placed in their jugular 206 vein and carotid artery one week before a HEC experiment conducted when rats were 10 207 weeks-old as described earlier [5, 25] . At approximately 1700 h on the day before the HEC was 208 performed, food was removed from rat cages (approximately 16 hours prior to the start of the 209 clamp). The protocol included a 90 minute tracer equilibration period (t = -90 to 0 minutes) 210 beginning at ~0930 h, followed by a 120 minute experimental period (t = 0 to 120 minutes) Soleus, EDL, epitrochlearis and gastrocnemius muscles of rats (10 weeks-old; n = 6) 292 were isolated, weighed and processed as previously described for MHC isoform abundance 293 [32]. MHC bands were quantified using densitometry.
294
Statistical analysis 295 Data were statistically analyzed with SigmaPlot 13.0 (San Jose, CA). Comparisons 296 between the WT and AS16O-KO rats were performed with an unpaired two-tailed t-test. 297 Comparisons between contralateral muscles that were incubated ex vivo (either ±insulin or 298 ±AICAR) were analyzed using a paired two-tailed t-test. Two-way ANOVA was performed to 299 compare more than two groups (ex vivo muscles incubated ±insulin or ±AICAR), and Holm-
300
Sidak post hoc tests were used to identify the source of significant variance. Data were 301 expressed as means ± SEM. P-values ≤0.05 were considered statistically significant.
Results

303
Genotype confirmation 304 Genotype was determined using qPCR with DNA from tail tip samples. Lack of AS160 in 305 tissues from AS160-KO rats was also substantiated via immunoblotting for AS160 protein after 306 the animals were euthanized (Figure 1 ). Oral glucose tolerance test (OGTT) 421 Glucose levels at baseline were slightly (12.6%), but significantly (P<0.05) greater for 422 WT compared to AS160-KO females (Fig 2A) . AS160-KO animals versus WT animals were 423 glucose intolerant as evidenced by higher glucose concentration during minutes 15, 30, 60 of 424 the OGTT (P<0.005 to 0.001) and on greater glucose AUC (area under the curve) (P<0.001; Fig   425  2) . Insulin levels at baseline were not significantly different between AS160-KO and WT rats 426 (Fig 2B) . Hyperinsulinemic-euglycemic clamp (HEC) 436 Although 6 WT and 6 AS160-KO rats underwent an HEC, 2 rats from each genotype 437 were not successfully clamped because of technical problems. A catheter placed in one AS160-438 KO rat failed during the HEC, and the coefficient of variation (CV) for glycemia exceeded 20% 439 for three rats (WT, n=2; AS160-KO n=1). Accordingly, the data from these 4 rats were not 440 included in the statistical analysis of parameters dependent on blood glucose or insulin (Table   441 4), tissue glucose uptake and insulin signaling. The CV for the remaining 4 WT rats (3-14%) 442 was comparable to the CV for the remaining 4 AS160-KO rats (5-12%) , and the reported values 443 for blood or plasma parameters, tissue glucose uptake, and phosphorylated signaling proteins 444 from the HEC experiment represent the data collected from these 8 animals. No significant 445 differences between AS160-KO compared to WT rats was found for blood glucose values, 446 plasma insulin values, glucose turnover rate (GTR) or hepatic glucose production (HGP; Table   447 4). Blood glucose during the HEC was ~18.6% lower (P<0.05) in AS160-KO compared to WT 448 rats. Plasma insulin levels during the HEC did not differ for AS160-KO versus WT rats (Table 4) . 449 HGP and insulin suppression of HGP were not significantly different for AS160-KO compared to 450 WT animals. The GIR (glucose infusion rate) AUC during the HEC was much lower for AS160-451 KO compared to WT rats (47.5%; P<0.001; Fig 2C) . GIR was significantly lower at minutes 30, 452 40, 50, 60, 70, 80, 90, 100, 110, 120 (P<0.05 to 0.001). GTR was much less in AS160-KO 453 compared to WT animals (65%; P<0.001). There were no differences between genotypes for 454 plasma non-esterified fatty acid (NEFA) at baseline or during the HEC (WT versus AS160-KO: - Glucose infusion rate = GIR. Glucose turnover rate = GTR. Hepatic glucose production = HGP. 475 Means ± SEM for 4 rats of each genotype: WT = wildtype, and KO = AS160-KO. *P 0.05, 476 † P<0.001, WT versus KO. Glucose uptake by tissues during the HEC 486 In vivo glucose uptake was lower in the EDL (P<0.01) and the epitrochlearis (P<0.05) of 487 AS160-KO versus WT rats (Fig 3) . No significant genotype-related differences were observed in 488 the soleus, gastrocnemius or white adipose tissue (WAT). AS160-KO versus WT rats had ~3-489 fold greater glucose uptake by the heart (P<0.05). 
494
Means ± SEM for 4 rats of each genotype.
495
Immunoblotting of HEC tissues 496 AS160 and pAS160 Thr 642 were both detected in tissues analyzed from WT rats and 497 were not detectable in tissues analyzed from AS160-KO rats (Fig 1) . Among all of the tissues 498 evaluated, there were no significant genotype-related differences for either pAkt Ser 473 or pAkt 499 Thr 308 (Fig 4) . In addition, genotype-related differences were not found for TBC1D1, an AS160 500 paralog ( Fig 5) . GLUT4 glucose transporter protein abundance was determined in each of the tissues 514 after HEC. GLUT4 protein levels were much less in AS160-KO versus WT rats in the 515 gastrocnemius, EDL, epitrochlearis, soleus, heart and WAT ( Figure 6 ). GLUT1 glucose 516 transporter protein content was not different between genotypes in any of these tissues 517 (Supplemental Fig 1) . In addition, hexokinase II abundance was not different between 518 genotypes for any of these tissues (Supplemental Fig 2) . Because Akt2 is required for insulin-stimulated glucose uptake by the heart [33], we 525 determined Ser 474 phosphorylation (pAkt2 Ser474 ) in the heart from the HEC rats and found no 526 difference between the AS160-KO and WT rats (Fig 7) . Greater heart sodium-dependent 527 glucose cotransporter 1 (SGLT1) expression has been found in diabetic animals concomitant 528 with attenuated GLUT1 and GLUT4 levels [34], but we observed SGLT1 protein content did not 529 differ between groups (Fig 7) . Calcium ATPase (SERCA) has been linked to greater glucose 530 uptake by the heart [35] . The abundance of myocardial SERCA2 was not different between 531 genotypes (Fig 7) . It was possible that the increased glucose uptake in AS160-KO heart was 532 related to the reduced metabolism of another energy source, e.g., fatty acids. Therefore, we 533 analyzed the abundance of the CD36 fatty acid translocase protein that is important for myocardial fatty acid uptake [36] . No significant genotype-related difference was observed for 535 CD36 levels in the heart (Fig 7) . Activation of AMPK can lead to increased glucose uptake by the heart [37] . We 542 determined the phosphorylation of AMPK at Thr172 (pAMPK Thr 172 ), which is a major 543 mechanism for increasing the enzyme's activity [38] . We also assessed the phosphorylation of 544 its substrate acetyl CoA-carboxylase (pACC Ser 79 ) that is often used as an indicator for AMPK 545 activity. However, no difference was detected between WT and AS160-KO for either pAMPK 546 Thr 172 or pACC Ser 79 in the heart (Fig 8) . Furthermore, phosphorylation of TBC1D1 on an 547 AMPK-phosphosite, Ser237 (pTBC1D1 Ser 237 ), was also undistinguishable in the heart of WT 548 compared to AS160-KO rats (Fig 8) . We also assessed the abundance of GLUT8 glucose transporter protein, which is known 555 to be expressed by the heart [39] . However, no genotype-related difference was found for 556 myocardial GLUT8 abundance (Fig 9) . Because major metabolic fates of glucose include 557 conversion to lactate or mitochondrial oxidation, we also determined the abundance of LDH and 558 multiple components of the electron transport chain and oxidative phosphorylation (NDUFB8, 560 detected for LDH (Fig 9) or any of the mitochondrial proteins that were studied (Supplemental 561 Fig 3) . Soleus and epitrochlearis muscles were studied ex vivo with and without an insulin dose 569 (500 µU/ml) that corresponded to the plasma insulin values that the animals were exposed to 570 during the HEC. Glucose uptake by insulin-stimulated soleus (P<0.001) and epitrochlearis 571 (P<0.001) muscles isolated from WT rats was much greater than values in AS160-KO rats (Fig   572  8) . Glucose uptake by the epitrochlearis from AS160-KO animals was greater for insulin-573 stimulated compared to paired muscles without insulin (P<0.001). Glucose uptake with insulin 574 was increased compared to without insulin in the soleus (P<0.05) and the epitrochlearis 575 (P=0.05) from AS160-KO rats. Glucose uptake in the epitrochlearis without insulin was 576 significantly greater (P<0.05) for WT versus AS160-KO rats (Fig 10) . analysis was used to identify the source of significant variance. *P<0.001, without insulin versus 582 insulin of the same genotype; ‡ P<0.001, WT versus KO with the same insulin dose; † P<0.05,
583
WT versus KO with the same insulin dose. A t-test revealed significantly greater glucose uptake 584 with insulin versus without muscle in soleus (P<0.05). A non-significant trend (P=0.05) for an insulin-stimulated increase was found with a t-test in epitrochlearis. Means ± SEM for 8-9 rats of 586 each genotype. 587 588 pAS160 Thr 642 in soleus (P<0.01) and epitrochlearis (P<0.01) muscles from WT rats was 589 greater with insulin versus without insulin (Fig 11) . pAS160 Thr 642 was undetectable in either 590 epitrochlearis or soleus muscles from AS160-KO rats (Figure 11 A-B) . With insulin treatment, a 591 substantial increase was found for the phosphorylation of Akt Ser 473 and Thr 308 (Fig 11 C-F genotype. (C), (D), (E), and (F), * P<0.001, no insulin versus insulin in rats with same genotype.
601
Means ± SEM for 6 rats of each genotype.
602
Glucose uptake and immunoblotting of ex vivo AICAR-603 stimulated skeletal muscle 604 AICAR effects on soleus glucose uptake was not determined because earlier results 605 indicated that AICAR does not alter glucose uptake by rat soleus [28] . Glucose uptake by the 606 epitrochlearis from WT rats was significantly (P<0.001) greater with AICAR versus without 607 AICAR ( Fig 12A) . WT versus AS160-KO rats had much higher AICAR-stimulated glucose 608 uptake (P<0.001). In AS160-KO rats, a paired t-test indicated that glucose uptake by muscles 609 incubated in the presence of AICAR compared to muscles incubated in the absence of AICAR 610 were not significantly different (P<0.15). As expected, in the muscles from WT rats, AICAR treatment resulted in significantly 612 (P<0.05) greater pAMPK Thr 172 compared to muscles without AICAR treatment ( Fig 12B) . There 613 was no difference between WT and AS160-KO groups for pAMPK Thr 172 . AICAR-treatment 614 significantly (P<0.05) increased pAMPK Thr 172 in muscles from AS160-KO rats based on a 615 paired student t-test. were incubated in the absence of (white bars) or presence of (black bars) AICAR (2 mM The only previously published research on AS160-KO rats focused exclusively on male 628 rats [5] . Therefore, the current study filled an important gap in knowledge by comparing a large 629 number of metabolic outcomes in female AS160-KO versus WT rats. There has also been a 630 marked disparity in the amount of data previously reported using female compared to male 631 AS160-KO mice. Much of the published research on AS160-KO mice has either entirely or 632 largely focused on males [4, 7, 8] , with only two earlier studies on AS160-KO mice including 633 data for some, but not all, endpoints in both sexes [3, 9] . Published research on AS160-deficient 634 humans has not separately reported data for males and females [6] . 635 The current results revealed that AS160 deficiency had metabolic consequences for 636 female rats that were comparable to the recently reported results for male AS160-KO rats [5] . 637 Similar to males, the female AS160-KO versus WT rats were glucose intolerant based on the 638 OGTT and insulin resistant based on GIR and GTR during the HEC. Insulin resistance in female 639 AS160-KO rats during the HEC was largely attributable to lower glucose uptake by skeletal 640 muscles, including the epitrochlearis and EDL. GLUT4 glucose transporter protein abundance 641 was substantially lower for female AS160-KO compared to WT rats in each of the skeletal 642 muscles studied (epitrochlearis, EDL, soleus, and gastrocnemius). In male rats, a significant 643 genotype-related deficit in GLUT4 was previously reported for the epitrochlearis, EDL and 644 soleus, and there was a non-significant trend for lower GLUT4 content in the gastrocnemius [5] .
645
Among the dozens of measurements made in both male and female rats, gastrocnemius 646 GLUT4 was the only endpoint that had a significant difference in one sex, but not in the other.
647
The insulin resistance in skeletal muscle was not attributable to genotype differences for GLUT1 648 or HKII abundance, Akt phosphorylation or fiber type (based on myosin heavy chain isoform 649 expression) in female rats. Similarly, none of these endpoints differed between male AS160-KO 650 and WT rats [5] .
651
Analysis of glucose uptake by isolated skeletal muscles is useful because it provides 652 information about the tissue's intrinsic ability for glucose uptake. Both the epitrochlearis and 653 soleus muscles from female AS160-KO rats were profoundly insulin resistant, similar to the 654 results for male AS160-KO rats [5] . Earlier results from male AS160-KO rats [5] and mice [7] 655 demonstrated lower glucose uptake compared to WT controls in response to stimulation with 656 the AMPK-activator AICAR. The reduction in AICAR-stimulated glucose uptake by the 657 epitrochlearis of either female or male AS160-KO versus WT rats indicates that the insulin 658 resistance was not specific to insulin-stimulation. This result supports the idea that reduced 659 glucose uptake with either insulin or AICAR is likely secondary, at least in part, to lower GLUT4 686 AMPK, ACC or TBC1D1, indicating that other mechanisms are responsible for the greater 687 myocardial glucose uptake in AS160-KO versus WT rats. 688 We probed several other potential factors that might be linked to altered myocardial 689 glucose metabolism. Cardiac hypertrophy and heart failure are characterized by greater 690 dependence on glucose for energy [45, 46] . However, neither heart mass nor heart mass/body 691 mass ratio differed between genotypes. The heart is normally able to switch between 692 carbohydrate and lipid as a fuel source, and it seemed possible that differences in lipid 693 metabolism might be relevant to the marked genotype-effect on glucose uptake by the heart.
694
However, neither plasma NEFA concentration nor myocardial abundance of the fatty acid 695 translocase CD36 were different for female AS160-KO versus WT rats. Myocardial SERCA 696 overexpression has been reported to increase glucose uptake by the heart [35] , but there was 697 no evidence for greater SERCA2 abundance in the female AS160-KO rats. It seemed possible 698 that the marked increase in glucose uptake by the heart might be related to modifications in the 699 expression of key mitochondrial proteins or LDH. However, no genotype differences were 700 detected for either of these parameters.
701
In contrast to the striking genotype-related differences in multiple glucoregulatory 702 endpoints, the AS160-KO and WT rats were quite similar for many other characteristics. Body 703 composition, energy expenditure and fuel selection, food intake, spontaneous physical activity, 704 tissue masses, and skeletal muscle myosin heavy chain isoform composition did not differ 705 between genotypes in the female rats. Similarly, no genotype-related differences were detected 706 for any of these endpoints in male AS160-KO compared to WT rats [5] . Although many of these 707 outcomes have been linked to altered glucoregulation and insulin sensitivity, none of the 708 parameters were responsible for the marked genotype differences that were found in AS160-KO 709 compared to WT rats of either sex.
710
In conclusion, the current results using female AS160-KO rats taken together with the
